INTRODUCTION
In E. coli the expression of over 20 genes is regulated by the binding of the cAMP receptor protein (CRP) to promoterassociated sites (1). CRP is a cAMP-dependent, sequence-specific DNA binding protein. The mechanism by which cAMP-CRP stimulates transcriptional initiation appears to involve direct contact between CRP and RNA polymerase on the promoter (2) (3) (4) . CRP consists of two identical subunits of 209 amino acids (5) . Each subunit of the CRP dimer is folded into two domains connected by a nine-residue hinge region (6) . The larger Nterminal domain binds cAMP and is involved in subunit-subunit contacts; the smaller C-terminal domain is involved in site-specific DNA binding (6) (7) (8) . The helix-tum-helix motif implicated in site-specific-DNA binding for several prokaryotic regulatory factors (9) resides in the C-terminal domain of CRP.
Binding of cAMP results in a conformational change in CRP. The allosteric effect of cAMP binding has been demonstrated by the increased sensitivity of cAMP-CRP to attack by endoproteases (7, 8, 10, 11) . In the presence of cAMP, the reaction of the two available sulfhydryl groups (Cys-178) mediated by reaction with dithionitrobenzoic acid results in the formation of a disulfide bond linking the subunits within the CRP dimer (12) . It has also been shown that cAMP enhances CRP dimer stability (13) and that conformational change in secondary structure involves some conversion of a-helix to /3-strand (14) . A class of CRP mutants, designated CRP*, is able to function in the absence of cAMP (2, 29, 30) . Unliganded CRP*598 is susceptible to endoprotease cleavage indicating that its conformation is related to that of cAMP-CRP (2) . In this paper we report on the results obtained using carboxypeptidase Y digestion as a probe of structure and function of the C-terminal region of CRP. Larger scale preparation of CRP CY : CRP (500 ^g/mL) in 10 mM MES (pH 5.5). 50 mM NaCl. 1 mM EDTA. 0.1 mM dithiothreitol, 1.5/tg/mL pepstatin and 15 /*g/mL carboxypeptidase Y was incubated at 47°C for 40 min; the CRP 0^ was kept at 0°C until used. For incubations with CRP*598 or cAMP-CRP the reactions were carried out at 37°w ith 10 mM Tris (pH 8.0) replacing the MES buffer.
MATERIALS AND METHODS

Materials
Amino Acid Analysis
Incubation of CRP with carboxypeptidase was carried out as described above. The samples to be used for determination of the released amino acids were dried in pyrolyzed and siliconized 6x50 mM Corning glass tubes and redissolved in 100 /*L of fresh derivitization buffer (ethanol:triethylamine:H 2 O = 15:2:3) and dried under vacuum. 100 /*L of derivitization buffer plus 1 fiL PITC was added to each tube and the reaction was carried out for 5 min at room temperature. The samples were dried under vacuum and dissolved in 100 /iL of a solution containing 49 mM sodium acetate, pH 5.4 plus 28% acetonitrile and loaded on an Applied Biosystems C-18 PTC-amino acid column for analysis. (24) . After cutting the chromatography strips into 1 cm segments, the amount of ApApUpU synthesized was determined by assaying appropriate segments in Ecolume.
Intersubunit Crosslinking
RESULTS
Previous studies showed that the unliganded CRP is relatively resistant to attack by a variety of endoproteases (7, 8) . In contrast cAMP-CRP is digested resulting in N-terminal cores which bind cAMP and retain the dimeric structure of native CRP. The results presented in Fig. 1 indicate that at 37°C, cAMP-CRP is rapidly attacked by carboxypeptidase Y yielding a slightly smaller subunit fragment. At 37°C the C-terminal arm of unliganded CRP is folded in a manner preventing attack by carboxypeptidase Y. Even after 80 minutes at 42°C only a trace amount of the CRP°Y core is produced after incubation of unliganded CRP with carboxypeptidase Y. When incubated at 47°C the C-terminal domain melts allowing access to carboxypeptidase Y; by 40 minutes complete conversion to CRP CY results. In contrast, cGMP-CRP is attacked at a much slower rate so that even after 80 minutes at 47°C residual intact CRP subunit is still evident.
The apparent impediment to continued exoproteolytic hydrolysis made the determination of the number of C-terminal amino acid residues removed fairly straightforward. Following Table I . Amino acids released from the C-terminus of CRP after incubation with carboxypeptidase Y. Table I indicate that seven residues were removed; CRP CY terminates at Thr-202. Similar results were obtained after analysis of the amino acids released from cAMP-CRP and unliganded CRP*598 following incubation with carboxypeptidase Y at 37 °C.
Amino acid Released
In the closed structure of unliganded CRP, it appears that the C-terminal domain must interact with a proximal segment of CRP. Trypsin was used to probe whether loss of the C-terminal oligopeptide segment affects CRP conformation. The results shown indicate that in contrast to CRP, unliganded CRP 0 " is sensitive to trypsin (Fig. 2) Reaction of the two available sulfhydryl groups (Cys-178) of cAMP-CRP with DTNB results in formation of an intersubunit bond within the CRP dimer (12) . Under the conditions used, CRP and cGMP-CRP do not show the DTNB-mediated subunit crosslinking (Fig. 3) . In contrast the subunits of CRP CY are crosslinked in the presence or absence of cyclic nucleotide. The results provide additional evidence for an altered conformation of the C-terminal domain of CRP CY . The CRP CY is prepared by incubation at pH 5.5 with carboxypeptidase Y at 47°C. The data presented in Fig. 4 indicate that the incubation temperature and pH used do not affect cAMP binding by CRP. The CRP CY prepared under these conditions retains cAMP binding activity. The CRP core formed after cutting with the Staph. aureus V8 protease at Glu-171 is unable to support lac P*-directed abortive initiation (unpublished results). The data presented in Fig. 5 demonstrate that the truncated CRP°Y which terminates at Thr-202 also does not activate RNA polymerase in the abortive initiation reaction.
It is possible that the observed inactivity of CRP CY in supporting abortive initiation is a consequence of the loss of the contact site or conformation required for interaction with RNA polymerase or that CRP CY is unable to bind to the CRP site on the lac promoter. The data presented in Fig. 6 show that CRP (Fig. 6, lanes e, f) -The incubation of cAMP-CRP CY plus RNA polymerase with the lac fragment results in a complex which is dissociated by tRNA. The pattern obtained is comparable to that observed with RNA polymerase in the absence of CRP.
DISCUSSION
Limited proteolysis has proven to be a useful probe of the conformation of CRP and CRP* mutants. Unliganded CRP is resistant to a variety of endoproteases (7, 8) . Conversion to a protease-sensitive state can be effected in several ways. cAMP-CRP is degraded to yield N-terminal cores which retain cAMPbinding activity and the dimeric structure of CRP (8, 25) . The DNA-CRP complex formed at low ionic strength is attacked by trypsin while remaining resistant to attack by subtilisin. chymotrypsin and the Staph. aureus V8 protease (26) . Two fragments are formed after incubation of DNA-CRP with trypsin and cAMP binding activity is lost. The CRP within the monoclonal antibody 64D1-CRP complex becomes sensitive to attack by all four of the endoproteases used (27) . The 9,000 Da fragment formed by tryptic hydrolysis of the mAb 64D1-CRP complex appears to be identical to the N-terminal fragment formed after tryptic attack on the DNA-CRP complex. The results presented in this paper indicate that facile attack of CRP at 37°C by carboxypeptidase Y occurs in the presence of cAMP. Unliganded CRP is resistant to carboxypeptidase Y at 37°C. At 47°C the C-terminal arm appears to melt allowing for attack by carboxypeptidase Y. The scanning calorimetric study of the thermal unfolding of CRP by Ghosaini et al. (28) indicates that CRP structure is not markedly affected at temperatures below 60°C. In contrast to the insensitivity of unliganded CRP, CRP* mutants are inherently sensitive to attack by both endoproteases (2, 29, 30) and carboxypeptidase Y. The effect of the mutation near the hinge region results in a general effect on the conformation of the C-terminal domain which extends to the Cterminus of CRP*598.
The results indicate that the C-terminus of CRP is folded in a manner which prevents attack by carboxypeptidase Y. Hydrolysis by carboxypeptidase Y results in a core, CRP CY . which terminates at Thr-202. CRP CY is formed from cAMP-CRP at 37°C or CRP at 47°C. Weber and Steitz (6) propose that interaction between the /3 11 (residues 195-199) and 0 12 (residues 201 -205) strands may occur in cAMP-CRP. This should not result in a conformational impediment preventing continued hydrolysis by carboxypeptidase Y. An alternative hypothesis is that the block is due to an unfavorable amino acid sequence which prevents further hydrolysis by carboxypeptidase Y. The resistance of unliganded CRP to attack by carboxypeptidase suggests that stabilization of the C-terminal region is effected by interaction with a proximal region of CRP.
As was shown previously with much shorter N-terminal cores (7, 8) , the CRP CY retains cAMP-binding activity. Removal of the 7 amino acid residues from the C-terminus results in the complete loss of the ability of CRP CY to activate lac P + transcription and to bind to the lac DNA fragment. This is probably not due to the loss of amino acid residues directly involved in DNA binding beyond the intact helix-turn-helix region. In an analysis of the binding of CRP to a consensus DNA site for CRP, Ebright et al. (31) proposed that Lys-201 is one of the residues of CRP involved in ion-pair formation with DNA. Based on this model, CPJ*^ should retain DNA-binding activity. A direct role of the C-terminal Arg-209 in DNA binding has been ruled out. Site specific mutation of Arg-209-Leu results in a mutant CRP which retains lac DNA binding activity (32) . The N-terminal seven amino acid arm of the X repressor is considered to be involved in making contacts with the operator site. The N-terminal arm of the X repressor is accessible to attack by trypsin suggesting that this region may be less compactly folded than the rest of the N-terminal domain (33) . The crystal structures indicate that the C-terminal arm of cAMP-bound CRP (6) and the N-terminal arm of the X repressor (34) should be flexible in solution. The accessibility of the C-terminus of cAMP-CRP to attack by carboxypeptidase Y and the N-terminal arm of the X repressor to attack by trypsin are in keeping with these regions being less tightly folded. The truncated CRP CY is sensitive to attack by endoproteases and subject to intersubunit crosslinking mediated by DTNB in the absence of cAMP. These properties are also seen with the conformationally relaxed CRP* mutants which, however, are active for DNA binding and transcription activation (2, 29, 30) . The loss of the C-terminal arm results in a major effect on the conformation of the resultant CRF*^. This appears to be a consequence of the ensuing disruption of the small /3-sheet present in the C-terminal domain of CRP (6) . Loss of critical amino acid residues in the C-proximal /3-strand 12 would prevent hydrogen-bonding with the J3 11 and /3 10 strands. The consequent effects on the conformational orientation of the helix-turn-helix domain would explain the observed loss of DNA binding by CRP CY . The results presented in this paper indicate that the C-terminal region of CRP participates in the conformational stability of the closed form of CRP and indirectly in DNA binding by the open cAMP-CRP conformer.
